Abstract-The radiation from a dipole in the presence of a grounded general gyromagnetic-electric (gyrotropic) layer is investigated. The use of matrix methods i n conjunction with Fourier transformation techniques greatly facilitates the formulation of the boundary-valne problem, reducing the algebraic complexity to a minimum, and provides a closed-form representation of the electromagnetic field over the anisotropic region. Numerical results in plots, related to the radiation pattern of the structure, are also included for various cases.
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I. INTRODUCTION
HE RADIATION properties of a dipole in the presence of a grounded dielectric layer have been investigated by many authors, A practical case is the analysis of microstrip antennas where usually the dielectric substrate is assumed to be an isotropic one. Another example is the use of coatings to modify the reflection from a conductive surface. In practice, most dielectric and magnetic media are anisotropic. Perfect isotropy is a seldom phenomenon and usually it is a good approximation. However, there are materials used as microstrip substrates, that exhibit strong anisotropy, such as fused silica (dielectric type) or ferrites (magnetic type). Other examples are the low-density dielectrics such as honeycomb structures and some absorbing materials.
The radiation properties of a dipole in the presence of a grounded gyromagnetic slab have been investigated by the present authors [ 11 when the anisotropy axis is either perpendicular or parallel to the slab surface. The disperson relations for general anisotropic media have been examined recently by Damaskos, blaffet and Uslenghi [2] .
In this paper, the radiation of electromagnetic waves in the presence of a general anisotropic grounded layer is considered. The geometry of the problem is shown in Fig, 1 where an anisotropic layer of thickness d is placed on a perfectly conductive plane (at z = 0). The anisotropic medium electromagnetic properties are described by the tensors of permittivity? and permeability ,ii. In the following these tensors (Z and ji) are defined as 3 X 3 matrices and no restrictions are imposed on their elements. The space (z > 0) above the anisotropic layer is assumed to be occupied by an isotropic and homogeneous medium with eo and po denoting its permittivity and permeability values. A dipole type primary excitation is assumed consisting of an elementary electric current source distribution J(r) = $(r -r') located at along the arbitrary direction 6. The source point is assumed t o be in the free space region (z' > d) as it is usual in practice. In the following, the exp (+jut) time dependence of the field quantities is assumed and is suppressed throughout the analysis.
The formulation of the problem is carried out on the basis of the following steps. First we derive the general field solution inside both the anisotropic and the isotropic regions. The way we d o this greatly facilitates the next step, namely, the application of the appropriate boundary conditions on the free-space anisotropic layer interface, leading t o a 4 X 4 linear system of equations. We conclude with the derivation of the dyadic Green's function of the structure. As an application, the radiation field is obtained directly following well-known relations that exist between the far-field pattern and the Fourier transforms of the tangential field components on suitably selected planes. Finally, the results are applied to the practical special case of a uniaxially anisotropic dielectric layer with a slant optical axis, and also to the cases of ferrite or plasmas slabs where the externally applied permanent magnetic field has any desired orientation.
THE FIELD INSIDE THE ANISOTROPIC LAYER
The tensors E and ji in a rectangular Cartesian coordinate system can be expressed in the form: Then the Maxwell equations for the field inside the anisotropic region (0 < z < d, see Fig. 1 ) can be written as follows:
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where the subscript (I serves as a reminder of anisotropy. Introducing the following Fourier transformations:
where k = kx2 + k y j , k = I k I and R = & + y$, and using (2) , one obtains Referring to the boundary conditions on the z = 0 perfect where the coefficients C,iz)(i = 0, 1, 2, 3) are given from the conductor plane, we have E(r) X 2 = 0 or, in an equivalent form, solution of the system: e,(k, 0) X = 0 and therefore y,(O) = 0 (see (5)). Moreover, if x,(d) = c (i.e., the magnetic field 2 and j components on the z = d plane) is assumed to be known, the system in (6) can be
k=O treated as a two point boundary value problem, as follows.
Consider the matrix differential equation:
where with hi (j = 1, 2, 3, 4) denoting the roots of the characteristic
It should be noted that (14) is valid pressuming that the hj are distinct. When some of these characteristic roots are multiple ones analogous equations hold [ 3 ] . On the other hand, the coefficients aj(j = 1, 2 , 3, 4) can be determined by means of the relations:
With x, and Y1 denoting the primary solution of (7), i.e., --that subject on the initial conditions xl(0) = and Y1(0) = 0 (Iz stands for the 2 X 2 unit matrix), the solution of(6) assumes the following form:
Notice that the boundary condition ya(0) = 0 on the perfect conductor plane (z = 0) has been already incorporated into (10) and, also, that the field inside the anisotropic layer is described in terms of the unknown vector coefficient c.
It is now necessary to solve (7) to determine the x j z , ( z ) and Y , ( z ) matrix functions. Using the matrix exponential operator,
where tr (*) is the trace operator. On substituting the submatrix elements of A, the expressions of the ai(j = 1, 2, 3 , 4) coefficients can be computed easily after some algebraic manipulations. Following then a lengthy but otherwise straightforward algebraic procedure, the following expressions for the y ( z ) and x ( z ) matrix elements are obtained via (1 1) and (13):
The primary field (Eo, Ho) is identified to be the field excited
in the free space (i.e., in the absence of the grounded anisotropic slab) from the current distribution
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Introducing the double Fourier transformations:
x Z 2 ( z ) = c0(z) + c l ( z ) r E + C2(z)(BEA, + A E~: M + I?; ) and r' = P' + z ' ; is the Source point.
For the field due to the reaction of the anisotropic layer, + C3@> [BE(AEAM + rM&> + "%Ah (E,.? H,), which is an outgoing wave, the following expressions
Substitution of (16a)- (16d) and (17a)- (17d) into (9) and (10) and ya(z), whge' the components along the 2-axis can be derived from (4) as follows:
(1 8b)
SOLUTION OF THE BOUNDARY-VALUE PROBLEM
The field inside the isotropic region (z > d) can 
On substituting (9), (lo), (18), (19), (21), and (22) into (23) and (24) 
IV. DERIVATION OF THE ELECTRIC FIELD IN THE ISOTROPIC REGION
In practice it is usually desired to know the field in the freespace region. Therefore it is necessary to solve the system of (25) and (26) for the unknown coefficients F and D as follows:
- (27) This enables one t o find explicitly y r , via (22), and then to express the tangential components of the transformed field, namely e: = erx); + cry;, as follows, on the basis of the definition of the quantity yr:
The tangential component of the free-space transformed field, eb(k, z ) = ( 4 -ii)*eo(k, z), can also be obtained on the same manner, using (19), and, also, the definition of the quantity yo. Then, the total tangential transformed field can be found by superposition: e g k , z ) = eb(k, z ) + ei(k, z). The final result can be written in the following form:
It is now possible, based on (31), to evaluate several interesting quantities such as the far field and, also, the tangential field components for points lying on the anisotropic layer surface, widely used in the integral equation formulation of the microstrip antenna problems. To t h i s end, substitute (31) into (3). The fust term of (31) corresponds to the free-space dipole field whose expression is a well-known one. In order to find the contribution of the second term of (31): when evaluating the integral in (3), it is necessary to use numerical techniques in general. However, to find the far field, i.e. the field at an observation point r such that I r I = I p + zi I 3 +, it is possible to apply either the steepest descent integration technique in the way suggested in [4] or to use directly the expression, given in (31): of ei(k, z ) taking advantage from the well-known relationships that exist between ek(k, z = z' +) and the radiation field [5] . The derived equation is simply
k, = ko sin 6' cos y k y = ko sin 0 sin p (3 2 ) r = (r, 0, p) being the observation point.
It should further be noted that the result in (31), in conjunction with k-e, = 0, provide the dyadic Green's function of the structure, since the electric field is derived for an arbitrary vector i.
V. NUMERICAL RESULTS AND DISCUSSION
Numerical, computations have been carried out for the far field of the structure, related t o several types of anisotropic substrates. The considered anisotropy cases are referred to: 1) uniaxial materials, 2) ferrites, and 3) plasmas. For both the ferrite and plasma layers, the biasing static magnetic field is taken to have any desired orientation determined by the vector I+ = cos eo; + sin eo (cos poi + sin Po; ) .
(3 3)
Then the E(@,, qo) (ferrite) and ?(eo, qo) (plasma) (33) represents the orientation of the optical axis. The direction of the radiating dipole is determined by the unit vector i, and is taken to be parallel to one of the x, y , or z unit vectors of the Cartesian system.
In Fig. 2 results are given for the E, and E p relative far-field amplitudes for a ceramic Polytetrafluoroethylene (PTFE) uniaxial substrate 
3.
noticeable only for the horizontal dipoles while for the vertical dipoles there is almost no effect of the variation of the optical axis orientation. The radiation diagrams, as in the case of isotropic substrates, retains their symmetry with respect to z axis.
In treating ferrite substrates, it is assumed that = 15 ~o I 3 . On the other hand, a rather strong magnetic type anisotropy is considered, leading to the values [6] p11 = 0.675 PO, p12 = 0.494 po (see [6 art. 9.13, eq. (13) ]) wo/w = 2.35, w = "f, A4 = 0.3 Wb/m2, (7 being the magnetomechanical ratio). Corresponding to various biasing static magnetic field orientations as defined by (33), the computed radiation patterns on various = constant planes are given in Figs. 3-5 for &directed dipoles. The radiation frequency is taken f = 30 GHz and the ferrite layer thickness is d = 1 mm. In general there is a strong dependence of the far field to the Bo orientation. When the cp = const. observation plane coincides with the p = cpo plane (i.e., cp = cpo = 0) and the dipole axis is also parallel to this plane the patterns are axisymmetric. This symmetry is not exhibited for other observation planes such as in Fig. 4 where patterns are varying from an almost omnidirectional coverage (0, = 20") to a rather directional diagram (6, = 80") . There is also high cross polarization due to the anisotropic layer. Numerical computations have shown that the nonsymmetry in the lobe structures is considerably smaller for weaker anisotropies (Le., p1 = 0.9 and p1 5 0.2) however still strong depolarization phenomena have been observed with a strong dependence to the Bo angle.
Finally we consider the excitation of a grounded plasma layer with a horizontal dipole excitation.
Again the radiation frequency is f = 30 GHz and the plasma layer thickness is d = 1 mm. The parameters characterizing the plasma are taken as j i = 13110, while the T(6, = 0, cpo) is computed from [6, Art. 9 .10 eq. (lo)] with wJwP = 1.8 and w/wp = 2.4. In Fig. 6 computed radiation patterns are given. For this particular set of plasma parameters the variation in the radiation pattern is rather weak. However, when cp = cpo = 0 strong variation in the sidelobes is observed.
VI. CONCLUSION
A general formulation is presented for the analysis of an electromagnetic field.
originating from an arbitrary oriented dipole source in the presence of a grounded general anisotropic layer. The Green's function is determined, by using linear algebra techniques, without any restriction on the electric (4 and magne- energy flow inside the guide begins to blur after propagating in a beamlike manner some distance into the guide. The next question we need to address is, how can we modify the simple ray description to account for the beam blurring? The solution to this question will enable us to extend the ray-bouncing technique to a wider class of problems. We think the solution lies in finding a proper way to account for the propagation of a finite-width collimated beam. This topic is currently under study.
